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Abstract 
 
The present work is based on the analysis of Barkhausen Noise (BN) signals, obtained from a group of samples formed by 
Fe–1wt % Cu. They were made in Japan with the purpose to simulate possible processes that change the microstructure of 
pressures vessels of in service nuclear reactors. These vessels are made of a low ferritic steel alloy, with presence of Cu 
impurities. Twelve samples were made and modified by  different thermal and mechanical treatments. The study 
and analysis of these samples was the objective of this inter-laboratory test (2nd. Round Robin Test) that involved 
researchers from the entire world. 
In the present study the processing of BN signals obtained from those samples was done. A detailed study, through the 
Root Mean Square function (RMS) applied to the BN signals, allowed a deeper and more detailed  knowledge. 
These results were also compared with others previously obtained. 
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1. Introduction 
 
The Barkhausen Noise (BN) technique is a method of Non Destructive Testing applied on ferromagnetic 
materials. This kind of materials is characterized by zones called “magnetics domains”, in the order of 
micrometer, where the atoms with one magnetization sense are gathered. The wall that contains this zone is 
denominated “wall of the magnetic domain”. These domains influenced by a variable magnetic field, respond 
with a new orientation depending on the magnetic field sense and its value. The movement produced by these 
reorientation, generates an induced electromotive force that can be captured by a collector coil (sensor) placed 
over the material. Then these signals are digitalized allowing its next processing and analysis, Willcox and 
Mysak, 2004 and Ruiz et al., 2008. 
During the year 2009, the Elastic Waves Group of National Atomic Energy Commission (CNEA), received 
12 samples of Fe–1 wt % Cu made in Japan. This alloy was heat treated during 5 hours at 850 ºC and then it 
was water-quenched. These samples belong to the “Second Round Robin Test” organized by the “Universal 
Network for Magnetic Non Destructive Evaluation”, UNMNDE (http://www.ndesrc.eng.iwate- 
u.ac.jp/UniversalNetwork/). Under irradiation, Cu impurities segregate to grain boundary and increase the 
fragility. To produce this process without irradiation the samples were heat and mechanical treated, Barashev, 
2003, He et al., 2006 and Nikolaev et al., 2002. 
All the samples except one considered as reference, were affected by heat treatments at 480ºC but during 
different periods of time and then, mechanical treatments (different deformations) were applied. All 
mechanical and heat treatments were made in Japan, including the Vickers hardness values employed in this 
study. Roughness and electrical conductivity were measured at the Elastic Waves Group. First results of this 
test were published previously, Lopez Pumarega et al., 2009, 2010. 
During the tests carried out in CNEA, BN and Magneto Acoustic Emission (MAE) signals were measured 
and the RMS value was obtained, Lopez Pumarega et al., 2009, 2010. 
The present work is mainly based in the analysis of BN signals previously obtained; to find differences 
that allow correlate the different thermo mechanical treatments produced on each sample, that is to say, to 
know how BN signals are affected by microstructural modifications. 
 
2. Experimental Procedure 
 
The objective of making these samples was to simulate the processes that affect the life of nuclear reactors 
pressure vessels. In table 1 the most important features of the samples are showed. In each row, from left to 
right, the time sequence of different treatments is showed. 
 
Table 1. Samples and their treatments. 
 
 
Samples Strain before Annealing (%) 
Annealing 
(min) 
T = 480ºC 
 
Strain after Annealing 
(%) 
 
Average Hardness   Standard Deviation of hardness 
D1 (reference)   0 0 0 146,0 10,4 
 
D2 10 0 0 196,2 10,3 
C1 10 20 0 167,6 11,7 
C2 10 20 5 209,9 10,2 
C3 10 20 10 228,3 6,7 
C4 10 20 20 229,5 12,3 
C5 10 200 0 197,8 9,4 
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Samples 
 
C6 
C7 
C8 
C9 
C10 
Average Hardness   Standard Deviation of hardness 
 
225,1 5,4 
219,3 19,7 
211,6 7,4 
232,9 16,1 
262,0 6,3 
 
The annealing process at 480 ºC, warrants that the Fe-1% wt Cu alloy is in Į phase (ferritic).  This process 
simulates some of the effects supported by the low alloy ferritic steel of reactor pressure vessels, Barashev, 
2003, He et al., 2006, Nikolaev et al., 2002 and Lopez Pumarega et al., 2009, 2010. Hardness data was 
obtained in Japan from a Vickers test with a load of 300 gf. For each sample 10 points were evaluated. 
In figure 1, the relationship between hardness, rolling reduction (strain) and ageing time is showed. In 
figure 1.a the relationship between hardness and rolling reduction is showed, the samples were grouped 
according to the heat treatment time. The hardness and ageing time relation can be seen in Figure 1.b. In this 
last case, the samples were grouped according to the rolling reduction after the heat treatment. In both cases 
the hardness standard deviations can be appreciated. 
The following experimental conditions were employed in BN tests by Lopez Pumarega et al., 2009, 2010: 
• Excitation voltage on the yoke: sinusoid with 10 Volts peak to peak and frequency of 2 Hz. 
• Bandwidth amplifier of the BN sensor coil: 1 kHz to 200 kHz. 
• The measurements were made with two different yoke positions, 0° and 90°, related to the rolling 
direction of each sample. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
(a)  (b) 
Fig. 1. (a) hardness curves vs. strain percentage, where each curve gathers the annealed samples during the same time ; (b) hardness 
curves vs. annealing time, where each curve gathers the deformed samples for a same percentage. 
 
In literature, the BN analysis is commonly studied by the signal envelope, peak to peak voltage (Vpp), the 
area under the envelope, the RMS value and the RMS function, Ferreira Da Silva et al., 2008. 
In present work the signals were studied in depth through the RMS function calculated for one cycle of the 
excitation voltage. The RMS function curves were obtained through mathematical algorithms developed for 
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PC. The analysis was based on grouping the samples according only to the last two treatments carried out (see 
Table 1). All the samples (except D1 supported a 10% deformation, subsequently an annealing process with 
different times, and finally one deformation at different percentages. So, the groups A, B and C gather 
samples that were deformed a same percentage, finding into the same group, different annealing times. This 
allows  seeing  the  effects  of  increasing  the  time  of  heat  treatment  in  those  samples  deformed  a  same 
percentage. In other way, the groups D, E and F gather those samples that were annealing during a same time; 
in a group there are only samples with different strain percentages. This gather criterion allows distinguish the 
way how the deformation affects the samples with a same previous heat treatment time. The different groups 
are summarized in table 2 and 3. 
Grouping  the  samples  in  this  way,  the  effect  of  thermo  mechanical  treatments  on  the  samples 
microstructure could be related with BN signals. 
 
Table 2. Samples grouped according to the last mechanical treatment. 
 
Groups A (without deformation) B (samples 5% deformed) C (samples 10% deformed) 
Without Annealing 
Annealed 20 min. 
Annealed 200 min. 
Annealed 1800 min. 
- 
C1 
C5 
C8 
- 
C2 
C6 
C9 
D2 
C3 
C7 
C10 
 
Table 3. Samples grouped according to heat treatment. 
 
Groups D (Annealed 20 min.) E (Annealed 200 min.) F (Annealed 1800 min.) 
Without Deformation 
Deformed 5% 
Deformed 10% 
Deformed 20% 
C1 
C2 
C3 
C4 
C5 
C6 
C7 
- 
C8 
C9 
C10 
- 
 
3. Results and Discussion 
 
As a first step, the BN signals of 12 samples were processed with Fast Fourier Transform (FFT) and their 
periodogram were evaluated, but important differences could not be found. 
Finally, other analysis based on RMS function for each BN signal was employed. Each group of samples 
(see tables 2 and 3), was compared with the reference sample D1, that is to say, BN signals, their RMS 
function curves and their hardness were compared. 
In this work, only the analysis made over two of the six groups are showed: the group A (different 
annealing  times,  without  subsequent  deformation)  and  group  D  (annealed  during  20  minutes  and  then 
different deformation). 
The results of Group A compared with those of the reference sample are shown in figure 2 (a). The BN 
RMS value for each sample and for two yoke positions, 0º (black colour) and 90º (blue colour) are showed 
with the hardness curve (red colour). In the x axis the samples were ordered according to their decreasing 
hardness. In this case the trend is similar for both yoke positions. The lamination direction does not affect 
greatly the magnetic behavior of the material, probably due to the small deformation suffered in the first stage 
(10 %), Lopez Pumarega et al., 2009, 2010 and Torres Pupo and Perez Benitez, 2009. As the material 
becomes softer, the BN RMS value increases. BN curves and hardness showed inverse behaviors. With the 
annealing process, a release of residual stresses was expected, and thus a greater BN, but the  opposite 
behavior was obtained, Franco and Padovese, 2007 and Ranjan et al., 1987, apparently because there was Cu 
segregation to grain boundary or precipitates growth like it is seen in figure 2.b and it is known that this kind 
of precipitate is an important hardener, Barashev, 2003. 
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 (a) (b) 
 
Fig. 2. a) Group A, relation between hardness (red) and BN RMS values measured to 0º (black) and to 90º (blue). b) micrograph of 
sample C8, see grain boundaries  with Cu precipitates. 
 
The RMS function (in different colours) for on excitation cycle were obtained with a specially designed 
algorithm as function of time. They are showed in figure 3 for each sample of group A and reference samp le; 
to the left with yoke to 0º and to the right with yoke to 90º. 
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Fig. 3. Group A, RMS BN curves: (a) yoke 0º; (b) yoke 90º. 
 
A shift of the curves to the left can be distinguished as the heat treatment time increases. Thus, with higher 
annealing time the material reaches its maximum RMS BN value in a lower time and there is a reduction in 
signal amplitudes, as mentioned above (see Figure 2). Thus the material gets its magnetism with higher 
facility. The little influence of rolling direction on the BN behavior can be seen. 
As it was said, in the Groups B and C signals were analyzed as a function of annealing time and in E and F 
as a function of the deformation. The same trend respect to the BN response with the variation of annealing 
time in Groups B and C was observed. Again, there were not great differences related with the yoke at 0° and 
90°. The same trend could be noted in Groups E and F. In Group B, the maximum of RMS function curves vs. 
time  for  one excitation cycle,  suffers a  shift to left as the  annealing time  and  hardness increase.  This 
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phenomenon should be studied in more detail. Again, the opposite behavior is observed between the hardness 
and the RMS value of the BN signals. The same behavior could be observed in the Group C. Related with the 
RMS function; in this Group a pattern could not be found to define a clear behavior. 
The results for group D and reference sample are presented in the figure 4. It can be observed the RMS 
value of each sample into the Group for two yoke’s positions 0º (black colour) and 90º (blue colour) and the 
hardness curve (red color). On the x axis the samples were ordered tacking account of their decreasing 
hardness. 
Except for the sample C4 (most deformed), the BN increases with hardness decreasing, as it was expected. 
Again, lamination direction does not affect greatly the BN signals, by Franco and Padovese, 2007 and Ranjan 
et al., 1987. An irregular trend was observed in RMS curves of samples C4 (in both lamination sense) and C3 
(only 90º) because it was expected that the curve follow decreasing but it was not in this way. This may be a 
consequence of fabrication process of C3 and C4; this hypothesis could not be confirmed because the samples 
could not be modified and they must be sent to other Laboratories involved in this Test.  
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Fig. 4. Group D: relation between hardness (red) and BN RMS measured to 0º (black) and to 90º (blue). 
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Fig. 5. Group D, curves RMS BN: (a) yoke 0º; (b) yoke 90º. 
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Figure 5 shows the RMS curves for one excitation cycle as function of time for group D and the reference 
sample (left side for with yoke 0º and right side with yoke 90º. A displacement of the curves to left as the 
deformation increase is shown, except in case of C4 that presents an anomalous behavior as mentioned before. 
Additionally the beginnings of BN signals start before in each sample as their hardness is increased (higher 
deformation). The anomalies observed in case of C3 (with yoke to 90º) and C4  need a supplementary 
explanation. 
In  group  E  the  same  behavior  for  RMS  values  respect  to  hardness  is  repeated  as  in  group  B.  A 
displacement on the axis time to the left as deformation increases is observed in RMS function. In group F the 
same behavior for RMS values respect to hardness is repeated as in group C. For group F the RMS function 
curves move on temporal axis to the left as the deformation increase. 
 
 
4. Conclusions 
 
A study of the BN RMS functions on 12 samples, grouping them in 6 groups according to last two 
thermo mechanical treatments and including in each one the “reference” sample enabled the analysis of 
variations in BN signals. The increasing in the heat treatment time did not represent an important increase of 
BN signals in groups A, B and C (samples with the same deformation and different annealing times). This 
may be related with the higher hardness obtained when the material was annealed. Last phenomenon may be 
due to Cu segregation in grain boundary or due to precipitates growing. 
In groups D, E and F (samples with the same annealing time and different deformation), as the 
deformation increased (higher hardness) a reduction in BN signals was observed as expected. In the samples 
C4 and C3 (group D) irregularities that deserve be studied in future. These could be due to some relaxation 
mechanism (driven by the annealing process), which allowed that some defects free domains wall and enables 
their movements, resulting in a higher BN. Inside the 6 groups a shift to the left on the RMS functions on the 
temporal axis was observed as the annealing time or the deformation increased. That is to say, it was 
necessary a smaller magnetic excitation to move the domains walls. 
Finally, BN technique as a Non Destructive Test Method could be corroborated as an effective tool for 
microstructural analysis of ferromagnetic materials. 
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